proton NMR signal-to-noise ratio was observed (8-10). In to investigate the transient spin dynamics of the photo-excited a recent pulsed ENDOR experiment on the photo-excited triplet state of pentacene in p-terphenyl crystals using an X-band triplet state of pentacene in p-terphenyl crystals, we have pulsed EPR spectrometer. The time evolution of the longitudinal been able to enhance the ENDOR signals by proper preparamagnetization of the triplet state is monitored in the electron-spin-tion of RF pulses. Here we report spin-coherence effects efficiency.
INTRODUCTION
excitation. In the ESE experiments, the low-field (LF) resonance line (3070 G) appears in emission, and the high-field The first transient nutation (TN) experiment was reported (HF) resonance (3620 G) in absorption (11) . At birth, the by Torrey where he examined the time evolution of nuclear macroscopic magnetization is zero. The transverse magnetispin magnetization under the influence of a radiation field zation is produced through coherent mixing of the m s Å {1 (1) . The first TN experiment on the photo-excited triplet substates with the m s Å 0 state by an oscillating microwave state was reported by Kim and Weissman where the electronfield (5, 11) . In this report, we will be concerned only with spin polarization was created by laser excitation in the presthis particular orientation of pentacene in p-terphenyl crysence of an oscillating microwave field (2) (3) (4) (5) . Recently, tals. A combination of protonated and deuterated samples is Kothe et al. employed TN techniques to probe the nuclear used to examine the deuteration effect on the cross-polarizacoherence in photosynthetic reaction centers (6, 7) . Here we tion processes. present a new technique to perform TN experiments on the photo-excited triplet state, namely, the electron-spin-echo EXPERIMENTAL (ESE) detection technique. The technique allows us to monitor the time evolution of the longitudinal electron-spin mag-
The methods of preparation and the alignment of samples netization in the presence of a high amplitude of B 1 field used in the experiments and the details of our pulsed EPR (up to 15 G). The application of a single nutation pulse spectrometer were given previously (11) . with high B 1 field further enables us to perform pulsed dy-
The conventional EPR TN experiments using CW specnamic nuclear polarization (DNP).
trometers are limited by bridge balance, cavity matching, High-DNP experiments have been reported on the photo-microwave power, and receiver dynamic range to B 1 ampliexcited triplet state of pentacene in naphthalene crystals tudes below 1 G (2-7, 12). In our intended DNP experiwhere more than three orders-of-magnitude enhancement of ments, we need high microwave power to effectuate the polarization transfer. We therefore have taken a different approach to perform TN experiments via the ESE-detected ‡ To whom correspondence should be addressed. technique. Note that the conventional TN experiments monitor the time evolution of the magnetization in the xz plane in contrast to the z magnetization in the ESE-detected TN experiments. Thus, the ESE-detected TN experiments allow us to fulfill two purposes: (1) to monitor the time evolution of the longitudinal magnetization, and (2) to apply high microwave power to the electron-spin system to increase DNP efficiency. The results of the time evolution of the longitudinal electron-spin polarization measured in echo-detected TN experiments can then be compared with the results of the time-resolved cross-polarization process observed in the corresponding DNP experiments.
The scheme we employ in the echo-detected TN experiments is the following: (1) a pulsed N 2 laser is used to create the photo-excited triplet state in the pulsed EPR spectrometer, (2) a long microwave pulse with adjustable amplitude and duration (nutation pulse) is applied within 200 ns after the laser pulse to create the longitudinal electron magnetization, M z , of the photo-excited triplet state of the pentacene molecule, and (3) the time evolution of M z is monitored by the echo detection in a conventional two-pulse sequence (90Њ-t-180Њ). We should point out that the nature of our experiment differs from that of the ''echodriven'' TN experiment where the microwave source is turned off intermittently (12).
The proton signals are detected using a homodyne spectrometer which will be described elsewhere. A multiple-turn NMR coil is wound around the sample and resonated at 13 MHz (LF) and 15 MHz (HF). We estimate the pulse length for a 90Њ NMR pulse to be 400 ns. The deadtime of the NMR detection is É10 ms. wave resonator is a TE 011 cylindrical cavity and loaded with excited triplet state of pentacene in protonated p-terphenyl (PHTH) crystals a lumped circuit element which provides relatively high mi-for B 0 x: (a) the low-field transition, B 1 Å 3.6 G, (b) the high-field crowave B 1 field (up to 15 G) and good NMR coil filling transition, B 1 Å 3.6 G, and (c) the high-field transition, B 1 Å 1.8 G.
factor.
An Avco nitrogen laser (1 mJ/pulse, 5 ns pulse duration, 100 Hz repetition rate) is used in the experiment. Precise similar to those of CW TN experiments reported previously control of the pulse sequences is achieved by PC-Pulser (5). The period of oscillation observed in the HF transition boards (Sytron, St. Louis) incorporated in an IBM compati-is a function of the B 1 field (cf. Fig. 1b and Fig. 1c) . The ble computer. All experiments are performed at room tem-echo intensity observed in the TN experiment appears to perature.
follow the equation given below, analogous to Torrey's expression for T 1 Å T 2 (1, 12) , Fig. 1 . We observe a different behavior for the LF and accounts for the exponential damping caused by the modi-HF transitions, whereas the HF transition exhibits oscillations with a period up to 1.0 ms, and the LF transition does fied transverse relaxation, T * 2 . Note that M z ( t ) , the longitudinal magnetization, is zero at t Å 0. From the computer not show any oscillation but fast decay. These results are PHTH (cf. Fig. 1a and Fig. 3a) ; namely, 3 or 4 periods of oscillation are observed in PDTH vs no oscillation and fast damping in PHTH. If one superimposes (upside down) the TN patterns of the LF and HF transitions, they match right on the top of each other, except a faster damping in the LF transition. The best-fit damping time constant for the LF transition is 1.2 1 10 07 s, about a factor of two shorter than the corresponding HF transition.
Electron-Nuclear Cross-Polarization Induced by a Nutation Pulse
The macroscopic nuclear polarization is monitored by applying a single microwave pulse on the maximum slope of the resonance line. Here, in accordance with the differential solid effect, the DNP effect is a maximum. All the DNP experiments are performed only on the PHTH system in which the polarization transfer between the guest proton and the host protons is most effective. Note that neither PDTH nor PHTD is suitable for DNP measurements where the polarization transfer between protons and deuterons is inef- The nutation oscillates beyond 1.2 ms for the deuterated host, in contrast to a decay to zero in É1 ms for the protonated host; i.e., the nutation persists longer in PHTD than that in PHTH system. The best-fit damping constant to Eq. [1] is 5.0 1 10 07 s, a factor of 2.5 longer than that for the PHTH system. In the LF transition of PHTD, we also observe a slower decay of weak oscillation with a long period in contrast to a fast decay with no oscillation in PHTH. Thus, the host nuclei have pronounced effects on the observed TN decay.
We have further examined the effect of guest deuteration on the TN patterns in the system of perdeuterated pentacene in protonated p-terphenyl (PDTH) crystals. The TN signals of PDTH are shown in Fig. 3 . The B 1 field is É5 G which is slightly greater than that used in PHTH and PHTD systems. We note that the oscillation pattern (period and damping time) for the HF transition of PDTH is about the same as that of PHTH (cf. Fig. 1b and Fig. 3b ), but the TN pattern for the LF transition in PDTH is very different from that for
where the electron g factor is assumed to be isotropic, D and E are zero-field splitting parameters, and T i is the hyperfine tensor for the ith proton. The hyperfine terms may be expressed to the first order as
The A i terms (secular terms) determine the spectral line position and the B i terms (nonsecular) induce mixing among hyperfine levels. One may reexpress the nonsecular hyperfine terms up to the second order and keep the flip-flop terms   FIG. 4 . The initial proton polarization factor as a function of the microin the effective Hamiltonian (9) wave power (v 1 Å gB 1 , the electron-spin Rabi frequency) for the low-field transition of the PHTH system.
fective due to frequency mismatch (vide infra). Since the where
, and s { Å s x { proton T 1 of the p-terphenyl crystal is on the order of 10 min is y (the Pauli matrices for the fictitious two levels of the at room temperature, we are able to examine the accumulated electron spins). For a single proton, the corresponding spin proton polarization after 10 min of the 100 Hz repetitions eigenfunctions are of laser and microwave pulse sequences.
Our experiments show that the proton polarization en- (11, 13) . The É0… (m s Å 0) mum negative NMR signal appears at 50 ns (the equivalent state does not have a first-order hyperfine interaction, so the of a 180Њ pulse) and zero amplitude at 100 ns (360Њ pulse).
effective field is the external field in the m s Å 0 state. It may The signal intensity remains slightly above zero (noninbe worth pointing out that this is different from a doubletverted) between 125 and 250 ns and gradually increases to state (S Å   1 2 ) system where both spin substates have hyperfine the maximum positive at É450 ns. The time dependence of field. the measured proton FID amplitude during the first 100 ns
The application of microwave pulses produce mixing beis similar to the observed TN decay oscillation.
tween É0… and É/1… (the HF transition), or between É0… and É01… (the LF transition). where v I is the nuclear Larmor frequency, and that between molecule via the nonsecular hyperfine terms (9), this polarization would be expected to efficiently transfer to the surÉc 5 … and Éc 6 … is rounding host protons after the triplet decay (É20 ms) via the proton dipole-proton dipole mutual spin flips. The irre-
[7] versibility in diffusion process is further supported by the observation of a faster damping time of PHTH in comparison with that of PHTD and PDTH systems. In the deuterated From the electron-spin-echo envelope-modulation (ES-EEM) experiments, we have established for the protons at samples, the spectral diffusion is affected by the inefficiency of the polarization transfer from protons to deuterons, and the 5th, 7th, 12th, and 14th carbon sites of the pentacene molecule (adjacent to the center ring of the molecule) that vice versa (frequency mismatch). Thus, we may conclude that the fast irreversible proton-proton polarization transfer (v I / ÉAÉ) ú B for the HF transition, and B ú (v I 0 ÉAÉ) for the LF transition. In other words, the LF transition is could cause fast damping and lead to a nonoscillatory behavior in the LF transition. Mathematically, the loss of oscilladominated by the nonsecular term. Therefore, the effective fields at the positions of the electron spin and nuclear spin tion in the nutation signal of PHTH arises from the overare nearly parallel to each other in the HF transition, but damping effect where v 1 is much smaller than 1/T * 2 . they are not parallel to each other in the LF transition during Moreover, we observe another important effect in the TN and after the microwave pulse. Of course, this is true only of PDTH system: the LF transition shows oscillation in for those nuclei whose hyperfine axes are neither parallel nor PDTH vs no oscillation in PHTH. The nutation oscillation perpendicular to external field, such as the aforementioned in PDTH indicates that the v 1 is greater than 1/T * 2 (underprotons. Also, upon an inspection of Eqs. [6] and [7] , we damping). We further note that the observed oscillation in note that these effects occur only when hyperfine fields and the LF transition of PDTH is very different from that reexternal fields are of comparable magnitude. They do not ported by Kim and Weissman (KW) (5), where they obexist at very high external field where v I ӷ A and B, or at served no oscillation. The difference must arise from the zero field where there is no first-order hyperfine interaction. magnitude of B 1 field of É0.2 G in KW's experiment vs É5 Using a density-matrix model, the magnitudes of the G in ours. Also, the detection in KW's experiment was limbranching parameters of the HF transition are smaller than ited by the bandwidth of the preamplifier. Note that the time those of the LF transition; e.g., the branching parameter is scale in KW's is about one order of magnitude longer than 0.296 for the aforementioned protons in the LF transition ours. The oscillation observed in our experiments could be and 0.009 in the HF transition (11) . These branching param-explained in terms of two factors: First, since the hyperfine eters are responsible for the observed ESEEM (11, 13) . The coupling of the deuteron is a factor of 6.5 smaller than that damping observed in the TN experiment is a spectral-diffu-of the proton, the relative magnitudes of the B 1 field and the sion-controlled process which in turn is governed by the hyperfine field (B h f ) becomes a major difference, i.e., B 1 ú dipolar interaction between the electron spin and nuclear B h f for deuterated samples. Thus, the radiation field could spin (5, 13). The magnitudes of the branching parameters burn a substantial hole in the absorption, and the spins will are proportional to the nonsecular terms in the dipolar hyper-precess with respect to the effective field which is nearly fine interaction that contribute to the rapid TN damping in parallel to the external field. Second, the polarization transfer the LF transition.
in the deuterated sample is inefficient due to the frequency Physically, the nuclear and electron spins will precess mismatch between deuterons residing on the triplet molecule adiabatically with respect to the external field in the HF and the protons of host molecules. Thus, there is no irreverstransition; i.e., an electron spin flip does not cause a large ible loss of polarization to the surrounding nuclei as observed change in the direction of the effective magnetic field. A in PHTH. long phase memory time and an oscillatory behavior are It has been shown that the effectiveness of polarization therefore observed in the HF transition. Consequently in the transfer (cross polarization) depends on the nonsecular hyper-HF transition, the applied microwave pulse is observed to fine terms (9) . Since the LF transition is dominated by the be an effective rotation operator, not shuffling the hyperfine nonsecular hyperfine terms, we expect an effective polarizaisochromats. However, in the LF transition, the same micro-tion transfer to take place from the electron spin to the protons wave pulse is observed to irreversibly shuffle the isochro-on the pentacene molecule, then via flip-flop to the host promats and to cause shortening of the observed phase memory tons. This mode of polarization transfer is further supported by time.
the results of the power dependence study of the enhancement Furthermore, the observed TN oscillations for the HF tran-factor for the LF transition where the enhancement reaches sitions are almost indifferent to deuteration (deuterated guest the maximum when v 1 /2p É 13 MHz and remains almost or host molecules) in contrast to what are observed for the at the same levels thereafter (Fig. 4) . The most efficient LF transitions. Since the highly polarized electron spins transfer takes place at the free proton frequency of 13 MHz where the distant protons and the polarized electron are on transfer polarization to the protons residing on the pentacene ''speaking terms'' (matching frequency). This conforms to experiments and the proton-polarization enhancement inthe Hartmann-Hahn condition where the Larmor precession duced by a single microwave pulse. We find that the nonsecfrequency of the proton spin (laboratory frame) equals the ular hyperfine terms are responsible for the effectiveness of Rabi frequency of the electron spin (rotating frame). How-the polarization transfer from the polarized photo-excited ever, we did not observe a decrease in polarization enhance-triplet state to the nuclear spins, and the observed transfer ment when v 1 /2p goes beyond 13 MHz. The nonconformity rate for the LF transition is about one order of magnitude with the Hartmann-Hahn condition at v 1 ú 13 MHz may greater than that for the HF transition. We further observe arise from the extremely large nonsecular hyperfine terms in the following: the LF transition. Note that the Hartmann-Hahn condition (1) In the PHTH system, the damping of TN signal in applies only when the ''unlike'' spins are weakly coupled by the LF transition is faster than that in the HF transition, the dipolar interaction.
which means the longitudinal magnetization undergoes a To discuss the DNP effect of the HF transition, we exammore rapid dissipation and a more efficient polarization ine the NMR signal as a function of the flip angle of the transfer from triplet spins to host protons. The effect is attribtriplet electron spin. Upon the application of a 180Њ nutation uted to the larger contribution of nonsecular terms in the pulse (t Å 50 ns), we observed the maximum negative electron-nuclear dipolar interaction for the LF transition. The NMR signal intensity. This can be understood by the fact oscillatory behavior observed in the TN experiments for HF that the microwave pulse produces a net magnetization by transition is consistent with the transient behavior observed inverting the É0… and É/1… substates; i.e., the 180Њ microin the polarization transfer process, or, at least for the initial wave pulse exchanges the diagonal terms in the density mastep, a coherent effect. trix. Note that the system has zero magnetization at birth.
(2) In the PHTD system, the TN patterns are similar to What follows is the magnetization transfer from the polarthose in the PHTH system except the damping of TN in ized electron spin to the surrounding protons. If a 360Њ miboth the LF and HF transitions is about a factor of two crowave pulse is applied (100 ns duration), the system will longer than those in PHTH. These may be due to the fact return to its original state which produces zero electron magthat the polarization transfer between guest protons and host netization and therefore zero NMR enhancement. However, deuterons is less efficient. when the pulse duration increases beyond 125 ns, the cross (3) In the PDTH system, the TN of the LF transition is polarization between the triplet spin and host protons reaches very different from those of the other two systems. We not a plateau.
only observe oscillation, but the damping time of the LF It seems the cross polarization takes place in a multistep transition is at least one order of magnitude longer than those or at least two-step process (14-15): (1) The initial step, of PHTH and PHTD. The appearance of oscillation in the in which the electron spins nutate with respect to the RF LF transition is explained in terms of relative magnitude of field; note that the initial oscillation behavior of DNP in the the B 1 field and the hyperfine field: B 1 ú B h f . This is due first 100 ns is the same as the electron nutation pattern (Fig. to the fact that the hyperfine field of the deuteron is 6.5 1b). (2) A slow step (beyond 125 ns), where the spin order times smaller than that of the proton. The longer damping begins to transfer to the nuclear spin reservoir. After a long time again can be attributed to less-efficient polarization time, i.e., after many nutation periods, say 450 ns (9 nutransfer between the deuterated triplet molecule and the protations), the hyperfine interaction will have enough time tonated host nuclei. to induce a sufficient number of electron-nuclear flip-flop transitions and to build up polarization. Thus, it is not sur-
